Proopiomelanocortin (POMC) neurons of the hypothalamic arcuate nucleus (ARC) suppress appetite, and lack of POMC-derived peptides or electrical silencing of POMC neurons causes obesity. ARC POMC neurons are surrounded by nerve terminals containing the wakefulness-promoting peptides orexins/hypocretins, but whether orexin affects their electrical activity has not been tested directly. Here we identify living ARC POMC cells in mouse brain slices by targeted expression of green fluorescent protein. Using whole-cell patch-clamp recordings, we show that orexin suppresses the spontaneous action potential firing of these neurons. Orexin-induced inhibition involves membrane hyperpolarization, a decreased excitatory synaptic drive, and an increased frequency of GABAergic inputs. Our results suggest a reduction in the electrical activity of ARC POMC neurons, which is mediated by changes in presynaptic inputs, contributes to the appetite-enhancing action of orexins.
Introduction
Proopiomelanocortin (POMC)-containing neurons of the hypothalamic arcuate nucleus (ARC) are important regulators of body energy balance, acting to reduce appetite and body weight (Schwartz et al., 2000; Cone, 2005) . They are the source of transmitters that suppress feeding and/or stimulate energy expenditure, such as ␤-endorphin, ␣-MSH, and CART (cocaine and amphetamine regulated transcript) peptide (Elias et al., 1998; Cone, 2005) . Transmitter release at projection targets such as the hypothalamic paraventricular nucleus and sympathetic areas of the spinal cord is thought to underlie the anorexigenic effects of POMC cells (Elias et al., 1998; Cowley et al., 1999) . This release is controlled by the electrical activity of POMC cells, because electrical silencing of these neurons causes obesity (Plum et al., 2006) . Ablation of POMC neurons, loss of POMC-derived transmitters, or lack of excitatory leptin signaling in POMC cells also produces obesity (Yaswen et al., 1999; Balthasar et al., 2004; Gropp et al., 2005) .
ARC POMC cells integrate diverse peripheral and central signals to match transmitter release to the body's energy status (Cone, 2005) . One of their major inputs comes from lateral hypothalamic neurons containing the peptide transmitters orexins/ hypocretins (de Lecea et al., 1998; Sakurai et al., 1998) . Orexins are critical for sustaining normal wakefulness in mammals, and loss of orexins or orexin type-2 receptors leads to narcolepsy (Chemelli et al., 1999; Lin et al., 1999) . They also stimulate appetite and control brain reward systems (Sakurai et al., 1998; Harris et al., 2005; Borgland et al., 2006) . In mice, loss of orexins prevents fasting-induced wakefulness and locomotor activity (Yamanaka et al., 2003; Mieda et al., 2004) and can cause abnormalities in body-weight regulation (Hara et al., 2001) . The activity of orexin cells is highest during active wakefulness and lowest during slow-wave sleep (Lee et al., 2005; Mileykovskiy et al., 2005) and is regulated by numerous central inputs (Sakurai et al., 2005) , as well as by circulating signals of body energy status, such as leptin and glucose (Yamanaka et al., 2003; Burdakov et al., 2006) . This suggests that the activity of orexin neurons may ensure that food seeking is accompanied by alertness and occurs at environmentally appropriate times Sakurai, 2003; Scott et al., 2006) .
Both cell bodies and axon terminals in the ARC express orexin receptors . ARC POMC cells are surrounded by orexin-containing nerve terminals (Guan et al., 2001; Muroya et al., 2004) , and there is strong orexin receptor-1 immunoreactivity in and around ARC POMC cells (Backberg et al., 2002; Suzuki et al., 2002) . Microinjection of orexin into the ARC stimulates feeding (Muroya et al., 2004) , and orexin reduces intracellular Ca 2ϩ levels in isolated POMC neurons (Muroya et al., 2004) , suggesting that orexin may suppress the electrical activity of the anorexigenic POMC cells. However, this possibility remains to be tested directly. Here, we identify ARC POMC cells in mouse brain slices by targeted expression of enhanced green fluorescent protein (eGFP) and study their electrical responses to orexin. We show that orexin decreases the electrical activity of POMC cells, primarily by modulating synaptic inputs.
Materials and Methods
Generation of POMC-eGFP transgenic mice. The POMC-eGFP mice were created using the Cre-lox system. The generation and validation of the POMC-eGFP mouse model has been described in detail previously (Balthasar et al., 2004; Plum et al., 2006) .
Electrophysiology. Coronal brain slices (250 -300 m) containing the ARC were prepared from 10-to 16-d-old POMC-eGFP mice. After at least a 15 min recovery at 35°C in artificial CSF (ACSF) gassed with 95% O 2 and 5% CO 2 , brain slices were transferred to a recording chamber and perfused continuously at 2-4 ml/min with gassed ACSF using an IS-MATEC (Glattbrugg, Switzerland) solution pump. The ACSF contained (in mM) 125 NaCl, 21 NaHCO 3 , 2.5 KCl, 1.2 NaH 2 PO 4 , 2 CaCl 2 , 2 MgCl 2 , 10 HEPES, pH 7.4, and 5 glucose.
Brain slices were viewed with a Zeiss (Weleyn Garden City, UK) Axioskop microscope fitted with fluorescence and infrared differential interference contrast (IR-DIC) systems. Fluorescent POMC-eGFP neurons were identified by epifluorescence and patched under IR-DIC optics. Whole-cell current-clamp and voltage-clamp recordings were made using an EPC-9 patch-clamp amplifier, as described previously (Plum et al., 2006; Burdakov and Ashcroft, 2002) . Patch pipettes had resistances of 3-5 M⍀ when filled with an internal solution. Resting potentials of firing neurons were determined from slow time-scale recordings on which a clear basal line was evident; this baseline was taken as the resting potential (Plum et al., 2006 ) (see also Fig. 2C ). For measurement of postsynaptic currents (PSCs), cells were voltage clamped at Ϫ60 mV and sampled at a frequency of 20 kHz. To calculate PSC frequency, events were recorded continuously for 5-10 min in each solution. They were analyzed off-line for a continuous stretch of recording of 1 min (or more) duration by displaying and counting events in successive 3 s intervals (to facilitate accurate counting). The number of events was divided by the recording length (in seconds) to obtain the PSC frequency in hertz. The two-sided Kolmogorov-Smirnov analysis of PSC intervals (see Fig.  3D -F ) was performed using MATLAB 6.5 software (The MathWorks, Natick, MA). In all histograms, data are shown as mean Ϯ SEM.
For most experiments, patch pipettes were filled with an internal solution containing the following (in mM): 128 K-gluconate, 10 KCl, 10 HEPES, pH 7.3 (adjusted with KOH), 0.1 EGTA, 2 MgCl 2 , 0.3 Na-GTP, and 3 K 2 -ATP. For measurement of PSCs, patch pipettes were instead filled with (in mM) 140 KCl, 10 HEPES, 0.1 EGTA, 5 MgCl 2 , 0.3 Na-GTP, and 5 K 2 -ATP, pH 7.3 adjusted with KOH. The external solution was ACSF in all experiments. Orexin-A (subsequently abbreviated orexin), tetrodotoxin, 6-cyano-7-nitroquinoxaline-2.3-dione disodium salt (CNQX), D(Ϫ)-2-amino-5-phosphonopentanoic acid (D-AP-5), 3-aminopropane diethoxymethyl phosphinic acid (CGP 35348), bicuculline, and picrotoxin were added to the bath solution where indicated. All drugs were from Sigma (Poole, UK), except bicuculline and CGP 35348 (Tocris, Bristol, UK). Experiments were performed at 22-25°C.
Results
Identification of ARC POMC neurons in mouse brain slices POMC neurons are difficult to identify in the ARC because they have few characteristic anatomical features and are intermixed with several other types of ARC cells. To overcome this problem, we used transgenic mice that selectively express eGFP in POMC neurons (Plum et al., 2006) . Whole-cell patch-clamp recordings from POMC-eGFP neurons in ARC brain slices revealed that they fire spontaneously (Fig. 1 A, B) with a frequency of between 0.3 and 8.1 Hz (mean, 2.5 Ϯ 0.3 Hz; n ϭ 50). These values are similar to those reported previously for identified POMC cells (Ghamari-Langroudi et al., 2005) .
We and others have previously identified at least three subtypes of ARC neurons that have distinct electrophysiological properties (Burdakov and Ashcroft, 2002; Fioramonti et al., 2004) . To compare these electrophysiological fingerprints with those of identified POMC neurons, we applied the same current injection protocol (Burdakov and Ashcroft, 2002) to POMCeGFP cells (Fig. 1 A, B) . Eight of 12 POMC-eGFP neurons exhibited little or no postinhibitory rebound potential or changes in firing after a hyperpolarizing current pulse (Fig. 1 A) , which is similar to "type-A" ARC neurons in our previous classification (Burdakov and Ashcroft, 2002) . The other four POMC-eGFP neurons displayed a postinhibitory rebound depolarization accompanied by an acceleration of spike firing (Fig. 1 B) : this resembles "type-B" ARC neurons (Burdakov and Ashcroft, 2002) . However, we also found the same biophysical fingerprints in other nonfluorescent neurons from the ARC and the neighboring ventromedial nucleus (n ϭ 20), suggesting that they are not unique to POMC cells. We subsequently refer to POMC-eGFP neurons simply as POMC neurons.
Effects of orexin on membrane potential and electrical activity
To investigate the effects of orexin on the electrical activity of POMC neurons, we first performed whole-cell current-clamp recordings with zero holding current (Fig. 1C) . Bath application of 100 nM orexin either significantly reduced or abolished the spontaneous action potentials of POMC neurons (n ϭ 7) (Fig.  1C,E) . This inhibitory effect was associated with a small but significant membrane hyperpolarization (Fig. 1C,D) . The electrical effects of orexin were fully or partially reversible in some POMC . The current-clamp protocol is shown schematically beneath the traces. C, Representative membrane potential recording from an identified POMC neuron. Orexin (100 nM; applied during the bar) hyperpolarized the neuron and reduced the firing rate. D, Mean membrane potential before, during, and after exposure to 100 nM oxrexin. The effects of orexin were reversible in only three of seven cells. ***p Ͻ 0.001. E, Mean action potential frequency before, during, and after exposure to 100 nM orexin. The effects of orexin were reversed in only three of seven cells. **p Ͻ 0.01. The numbers in parentheses indicate the number of cells. cells (n ϭ 3 of 7) (Fig. 1C-E) , but in other cells, no reversal was seen within 20 min (n ϭ 4).
We next repeated these experiments in the presence of 1 M tetrodotoxin, to block Na ϩ -dependent action potentials. Under these conditions, 100 nM orexin no longer had a significant effect on the membrane potential of POMC neurons (n ϭ 7) (Fig. 2 A) . This suggests that changes in voltage-activated currents, or action potential-mediated presynaptic inputs, may be responsible for the observed effects of orexin on the firing and membrane potential of POMC neurons.
Effects of orexin on membrane potential in the presence of synaptic blockers
To distinguish between these two possibilities, we next tested the effect of blocking synaptic inputs to POMC cells. Most synaptic activity in hypothalamic circuits is thought to be mediated by release of GABA or glutamate (van den Pol et al., 1998). We therefore used CNQX (10 M) to block AMPA receptors, D-AP-5 (50 M) to block NMDA receptors, and either picrotoxin (100 M) or bicuculline (20 M) to block GABA A receptors. When all three receptor types were blocked, orexin was without significant effect on either the membrane potential or the firing frequency of POMC cells (n ϭ 5) (Fig. 2 B) . This suggests that changes in action potential-dependent release of GABA and/or glutamate are primarily responsible for the effects of orexin on the electrical activity of POMC cells.
To determine the relative contributions of the two transmitter systems (glutamate vs GABA), we examined the effects of orexin in the presence of picrotoxin alone. Picrotoxin (100 M) reduced the inhibitory effects of orexin on firing of POMC cells by ϳ45% (Fig. 2C) . This suggests that orexin-induced inhibition of POMC neurons involves both potentiation of the inhibitory GABAergic inputs and suppression of the excitatory glutamatergic drive.
Effects of orexin on synaptic currents
To visualize the effects of orexin on synaptic currents directly, we performed whole-cell voltage-clamp recordings on identified POMC cells. We used chloride as the main intracellular anion and a holding potential of Ϫ60 mV; under these conditions, both glutamatergic and GABAergic currents are inward (Fig. 3A) . Application of 100 nM orexin reduced the total frequency of PSCs by ϳ40% (Fig.  3A,B) . However, when glutamatergic PSCs were blocked with D-AP-5 and CNQX, the frequency of the remaining synaptic currents was higher in the presence of orexin than in its absence (Fig. 3A,C) . The D-AP-5/CNQX-resistant synaptic currents were completely blocked by bicuculline or picrotoxin, confirming that they are mediated by GABA A receptor Cl Ϫ channels (Fig. 3A, bottom traces) . Orexin decreased the frequency of GABAergic PSCs but reduced the frequency of glutamatergic PSCs (Fig. 3C) . Kolmogorov-Smirnov analyses of inter-PSC time intervals (Fig. 3D-F) reinforced the conclusion that orexin mediates its effects on POMC cell electrical activity by decreasing the frequency of glutamatergic PSCs and increasing the frequency of GABAergic PSCs.
These results are consistent with our current-clamp data ( Fig.  2 B, C) and confirm that orexin mediates its effects on POMC cell electrical activity via changes in both GABAergic and glutamatergic PSCs. Of note, orexin significantly reduced the occurrence of glutamatergic PSCs when GABA B receptors were blocked with CGP 35348 (Fig. 3E) , indicating that inhibitory GABA B receptors are not required for suppression of glutamatergic inputs by orexin.
Discussion
In this study, we show that orexin suppresses action potential firing and hyperpolarizes the membrane potential of ARC POMC neurons (Fig. 1) . These effects appear to be mainly attributable to orexin-induced modulation of synaptic inputs of POMC cells, because they are abolished in the presence of tetrodotoxin (Fig.  2 A) or blockers of glutamatergic and GABAergic synaptic transmission (Fig. 2 B) . We present evidence that orexin-induced electrical inhibition involves changes in the balance between synaptic excitation and inhibition. Specifically, we observed that orexin induced a reduction in the frequency of excitatory glutamatergic inputs sensitive to D-AP-5/CNQX but an increase in the frequency of inhibitory GABAergic inputs sensitive to bicuculline or pictrotoxin (Fig. 3C, E, F ) .
We speculate that the increased GABAergic drive may originate from local GABAergic interneurons and/or ARC neurons containing both GABA and NPY/AgRP (agouti-related protein), which are known to be electrically exited by orexin (Burdakov et al., 2003; van den Top et al., 2004) . However, we cannot exclude the possibility that the orexin-modulated GABA and glutamate inputs originate from neurons located elsewhere in our coronal slice preparation.
In our experiments, the presynaptic action of orexin on POMC neurons appeared slower in both onset and washout than the direct postsynaptic action of the peptide on ARC GABAergic neurons [compare Fig. 1C with responses described by Burdakov et al. (2003) ]. This is probably because at least some of the presynaptic neurons on which orexin acts are likely to lie deep within the slice, where access is slower and more restricted, whereas when orexin acts directly on the recorded neuron, it only needs to reach the surface of the slice, where the recorded neuron is located (Burdakov et al., 2003) .
It is noteworthy that in ARC POMC neurons, the appetite-promoting peptide ghrelin also increases IPSCs, whereas the anorexinogen leptin decreases the IPSC frequency (Pinto et al., 2004; Cone, 2005) . Modulation of synaptic inputs to POMC neurons may thus be a general way for body weight-regulating compounds to modulate the activity of ARC POMC cells. Muroya et al. (2004) showed that orexin reduced the intracellular Ca 2ϩ concentration of isolated POMC neurons, suggesting that orexin directly interacts with POMC neurons. In contrast, in our experiments, the effects of orexin on the firing rate of POMC cells appeared to be primarily "indirect," via modulation of synaptic inputs. These observations are not necessarily contradictory because it is possible to alter cytosolic Ca 2ϩ levels without major effects on the resting membrane potential of a cell. Presumably, it is also possible that some presynaptic terminals may remain attached to the membranes of isolated POMC neurons and that orexin could modulate the release of glutamate and GABA from these terminals. Finally, it cannot be ruled out that orexin directly modulates ion channels expressed in POMC neurons, but that these effects are too small to affect the membrane potential in our studies.
Orexin receptor immunoreactivity was observed on and around ARC POMC neurons (Backberg et al., 2002; , but it remains to be determined what type of orexin receptor is responsible for the electrical effects described here. Unfortunately, we could not readily obtain a dose-response relationship for the effects of orexin in our preparation. Orexin receptor knock-out mice may be a better tool for distinguishing which type of orexin receptor is responsible.
Orexin-containing terminals are found on and around ARC POMC neurons Guan et al., 2001; Muroya et al., 2004) , and the release of orexin is highest during active, awake periods (Kiyashchenko et al., 2002) . Considering the appetite-suppressing influence of POMC neurons, their electrical inhibition by orexin, described here, may help to ensure that food seeking coincides with periods when the animal is most alert and active. Conversely, during periods of rest and sleep, the reduced release of orexin (Kiyashchenko et al., 2002) may enhance the firing of POMC neurons, suppressing hunger to facilitate the induction and maintenance of sleep states.
